Tumor suppressor gene product p53 in its wild-type conformation, is an eector of apoptosis. A rat histiocytic tumor, AK-5 which has a rearranged and mutated p53 gene undergoes apoptosis upon heat shock through surface expression of CD95 receptor. DNA sequence analysis of p53 gene from tumor cells revealed a deletion of`C' at nucleotide position 942 and an addition of`A' at position 1055. Deletion of one nucleotide caused premature termination of p53 protein which resulted in shorter p53 protein with an altered sequence from amino acids 315 to 341. Altered p53 was unable to protect BC-8, a single cell clone of AK-5 cells from apoptosis upon heat shock. BC-8 cells transfected with a wild-type p53gene (3B4 cells) were resistant to heat induced apoptosis and did not show the expression CD95 death receptor. Inhibition of p53 expression by using antisense oligo induced apoptosis upon heat shock in 3B4 cells. Similarly, inhibition of CD95 expression by antisense oligo inhibited heat induced apoptosis in BC-8 cells. In addition, cell cycle regulatory molecules, cdc2 and cdk2 are dierentially regulated in a non-cell cycle dependent manner in these tumor cells. These results, in view of lack of heat shock response in BC-8 cells suggest a complex interaction between p53, CD95 and hsp70 which determines the fate of the cell. In the absence of functional p53, CD95 appears to be an eector of apoptosis in BC-8 cells.
Introduction
Programmed cell death, also called apoptosis, is an evolutionarily conserved process essential for normal development and tissue homeostasis in multicellular organisms. It plays a critical role in the regulation of cell survival and cell death (Wyllie et al., 1980; Ra, 1992) . CD95 is a type I transmembrane cell surface receptor that has been shown to be expressed on a variety of normal and neoplastic cells (Hahne et al., 1996) . It mediates apoptosis in susceptible cells upon binding to its ligand, CD95-L (a type II integral membrane protein) or by anti CD95 antibody (Nagata and Goldstein, 1995; Trauth et al., 1989) . Cell surface expression of CD95 and its ligation to CD95 ligand or antibody activates a series of events inside the cell leading to rapid induction of apoptosis (Debatins et al., 1994; Watanabe-Fukunaga et al., 1992) . CD95 receptor mediates apoptosis during development and during NK and T-cell mediated cytotoxicity (Rouvier et al., 1993; . However, not all CD95 positive cells are susceptible to anti CD95 antibody induced apoptosis nor is CD95 involved in every type of cell death.
The tumor suppressor p53 is a complex molecule and plays a key role in tumor biology. In normal cells p53 is expressed at low levels with a short half-life and is stabilized and activated in response to several stimuli (El-Diery, 1998) . It is an antiproliferative transcription factor that enhances the rate of gene transcription important for p53-dependent functions (Crook et al., 1994; Levine, 1997) and is involved in cell cycle arrest, DNA repair, control of genome integrity and apoptosis (Ko and Prives, 1996) . Wild-type p53 participates in the repair of damaged DNA and where it fails to repair the damage, it induces apoptosis (Caelles et al., 1994) . Mutated form of p53 binds to hsp 70 and this interaction stabilizes p53 (Fourie et al., 1997) .
P53 is also known to stimulate CD95 synthesis by binding to p53 responsive elements located in the promoter as well as in the ®rst intron of the CD95 gene (Muller et al., 1998; Zhou et al., 1998a) . It also activates transport of CD95 from the golgi apparatus to the cell surface (Bennett et al., 1998) .
Stress or heat shock proteins (hsps) which are expressed in all living systems under a variety of stressful conditions (Morimoto, 1993) are also induced during apoptosis and transiently protect cells from undergoing apoptosis (Jaattela et al., 1998) . Tumor cells that fail to induce hsps upon heat stress were shown to undergo apoptosis (Sreedhar et al., 1999) through the expression of CD95 on the cell surface (Sreedhar et al., 2000) .
The above observations in the literature suggest an interaction between CD95, p53 and hsp 70 during apoptosis. Considering this, we studied the eect of p53 gene rearrangement on p53 protein function, its role during apoptosis and also understand how the expression of CD95 is aected by this alteration. Rat histiocytoma, AK-5 which is grown intraperitonially by serial transplantation is an ideal system for this study. BC-8 is a clonal derivative of AK-5 which is adapted to grow in culture. In all other aspects AK-5 and BC-8 are similar and to avoid tumor heterogeneity we used BC-8 cells for this study.
We reported earlier that BC-8 cells fail to synthesize hsps and undergo apoptosis upon stress (Sreedhar et al., 1999) . We have also showed that stress induces cell surface expression of CD95 and apoptosis is mediated by CD95 death pathway in these cells (Sreedhar et al., 2000) . In addition there is p53 gene rearrangement in BC-8 cells (Deshpande et al., 1990) though the exact nature of the mutation nor the eect of gene rearrangement in apoptosis are not known. We report here that in BC-8 cells in the coding region of p53 gene there is deletion at nucleotide position 942 and an addition of one nucleotide at position 1055. Deletion resulted in a frame shift of the triplet code with the generation of a stop codon at nucleotide position 1024-27 leading to premature termination of p53 protein after amino acid 341. Hence p53 protein in BC-8 cells lacks the c-terminal 50 amino acids and there is a change in the amino acid sequence from 315 to 341. In addition, p53 gene in BC-8 cells has two alleles with a single nucleotide polymorphism at nucleotide 993 and two pseudogenes. Our study also shows that unlike BC-8 cells, stable transformants of BC-8 with wild type p53 gene i.e. 3B4 cells are protected from heat induced apoptosis and there is no cell surface expression of CD95 upon heat shock in 3B4 cells as seen in BC-8 cells. Inhibition of wild-type p53 expression by antisense approach induced apoptosis in 3B4 cells upon heat shock whereas inhibition of CD95 expression protected BC-8 cells from heat induced apoptosis. There is also cell cycle independent and dierential activation of cdk 2 and cdc 2 during heat induced apoptosis in these two cell types.
Results

Protection of 3B4 cells from heat induced apoptosis
To determine the eect of wild type p53 expression on cell viability, 3B4 cells were subjected to similar heat shock conditions as BC-8 cells. Morphologically, 3B4 cells appeared normal after heat shock. Apoptotic bodies which were seen by 4 h of recovery following heat shock were not seen in 3B4 cells even after 16 ± 20 h (Figure 1a) . For further con®rmation, samples of BC8 and 3B4 cells collected after dierent times of recovery following heat shock were analysed for DNA fragmentation. Fragmentation of DNA was seen only in BC-8 cells but not in 3B4 cells (Figure 1b) .
To understand the role of wild type p53 in protecting 3B4 cells from heat induced apoptosis, p53 expression was inhibited by incubating 3B4 cells with antisense oligonucleotides for 16 h before subjecting them to heat shock. Results of western blot analysis with p53 antibody of cell lysates of control, heat shocked cells and cells incubated with antisense p53 oligo are presented in Figure 2a . A signi®cant and speci®c decrease in p53 protein level in cell lysates incubated with antisense p53 oligo (lanes 3 and 4) is observed. Increase in p53 protein which is seen in 3B4 cells in 60 min following heat shock (compare lanes 2 and 4) could not be detected in cells incubated with antisense Inhibition of p53 protein synthesis in 3B4 cells following incubation with antisense p53 oligo resulted in these cells undergoing apoptosis by 6 ± 8 h ( Figure  2c , panel 3). However, there is a reduction in the percent apoptosis in BC-8 cells incubated with antisense p53 oligo prior to heat shock as in the absence of mutated p53, hsp 70 is protecting the cells from heat induced apoptosis. Apoptotic cell death was further con®rmed by the appearance of DNA ladder in these cells (Figure 2d , compare lanes 4 and 10).
Lack of hsp synthesis in 3B4 cells
As 3B4 cells are protected from heat induced apoptosis, cells were analysed for their heat shock response. Hsps are synthesized by the speci®c interaction of a heat activated transcription factor (HSF1) with a conserved DNA element, heat shock element (HSE). But as shown in Figure 3 , there is no HSF-HSE interaction either in BC-8 cells (Figure 3a lanes 2 ± 3) or in 3B4 cells (lanes 8 ± 9) even after 2 h of heat shock. Rat hepatoma cells, H411-E-C3 which are positive for heat shock response show HSF-HSE interaction upon heat shock (lanes 5 ± 6). Lack of HSF-HSE interaction in BC-8 and 3B4 cells (Figure 3a lanes 2 and 3 and 8 and 9) is re¯ected in the inability of these cells for hsp synthesis upon heat shock. As shown in Figure 3b , there is no heat induced increase in hsp 70 expression in either BC-8 (Figure 3b lanes 2 and 3) or in 3B4 ( Figure 3b lanes 8 and 9) . However, in rat hepatoma cells which are positive for heat shock response, there is an increase in hsp 70 synthesis upon heat shock. Figure 3c is Ponceau-S stained blot showing uniform loading and protein transfer.
We have reported earlier that heat induced apoptosis in BC-8 cells is mediated by CD95 death pathway and demonstrated cell surface expression of CD95 receptor upon heat shock and its correlation with the time of apoptosis. However, in 3B4 cells which do not undergo heat induced apoptosis, there is no cell surface (Figure 3d ) which is seen in BC-8 cells. These experiments were repeated several times to con®rm the results.
Truncated p53 in BC-8 cells
To understand the eect of p53 rearrangement on p53 protein expression, total RNA from BC-8 tumor cells was RT ± PCR ampli®ed and sequenced. Sequence comparison with wild type rat p53 gene (Accession No. X13058) revealed a deletion of a`C' at position 942 and an addition of`A' at position 1055 from the ®rst ATG codon in the BC-8 p53 gene (Figure 4a ). As a result of this, p53 protein in BC-8 cells is short by 50 amino acids at the`C' terminal end and there is a change in amino acid composition between amino acid 315 to 341. Deletion of one nucleotide resulted in frameshift of the subsequent triplet codes resulting in the generation of a termination codon after amino acid 341 (Figure 4b ). Sequence comparison also revealed two alleles with a single nucleotide polymorphism at nucleotide position 993 (Figure 4c ) and two pseudogenes for p53 in BC-8 cells.
Role of heat induced expression of CD95 in apoptosis
We have reported heat induced expression of CD95 and its correlation with apoptosis in BC-8 cells (Sreedhar et al., 2000) . Cell cycle independent regulation of cdk2 in BC-8 cells
Cell cycle regulatory proteins cdk 2 and cdc 2 are dierentially regulated during cell cycle and apoptosis.
To understand their pattern of regulation during heat induced apoptosis in BC-8 and 3B4 cells, total cell lysates collected at dierent times of recovery at 378C after heat shock were run on SDS ± PAGE, blotted onto nitrocellulose and probed with anti cdk 2 and cdc 2 monoclonal antibodies. BC-8 cells which undergo apoptosis upon heat shock show an upregulation of cdk 2 immediately upon heat shock ( Figure 5a , lane 2) which is not seen in 3B4 cells (Figure 5a ; lane 6). Expression of cdk 2 continues even after 2 h of recovery in BC-8 cells (lanes 3 and 4) whereas in 3B4 cells there is down regulation of cdk 2 activity after 2 h (lanes 7 and 8).
In contrast, there is no increase in cdc 2 proteins upon heat shock in BC-8 cells (Figure 5c ; lane 2) and it is down regulated after 2 h (lane 3). 3B4 cells which do not undergo apoptosis upon heat shock show an increase in the amount of cdc 2 protein as they continue to be in the cycling phase (Figure 5c ; lanes 5 and 6).
Discussion
P53 is a complex molecule involved in apoptosis, cell cycle arrest and DNA repair (Levine, 1997; Ko and Figure 3 (a) Electrophoretic mobility shift assay. Total cell lysates from control and heat shocked BC-8, 3B4 and rat hepatoma H411-E-C3 cells were incubated with labeled HSE as described in Methods and run on PAGE. Lanes 1: BC-8 control; 2 and 3: 0 and 1 h after heat shock 4: H411-E-C3 control; 5 and 6: 0 and 1 h after heat shock 7: 3B4 control; 8 and 9: 0 and 1 h after heat shock. Note: HSF-HSE interaction is seen only with lysates from heat shocked H411-E-C3 cells which are positive for inducible HSP expression but not in BC-8 or 3B4 cell lysates. (b) HSP 70 expression in BC-8, 3B4 and H411-E-C3 cells. Cell lysates from control and heat shocked cells were run on SDS ± PAGE transferred onto NC paper and immunoblotted with antibody speci®c for the inducible form hsp70. Lanes 1: control, 2 and 3: 2 and 4 h after heat shock of BC-8 cells; 4: control; 5 and 6: 2 and 4 h after heat shock of H411-E-C3 cells; 7: control; 8 and 9: 2 and 4 h after heat shock of 3B4 cells. Prives, 1996). P53 being a transcription factor, it enhances the rate of transcription of a variety of genes (El-Diery, 1998; Owen-Schaub et al., 1995) . One among them is the cell surface receptor CD95 which is involved in the apoptotic process (Nagata, 1997; Fukazawa et al., 1999) . The CD95 receptor-ligand system is unique in terms of rapid induction of apoptosis without the requirement of de novo protein synthesis (Nagata, 1994) . We demonstrate here that unlike BC-8 cells which undergo apoptosis upon heat shock, 3B4 cells are protected from it. The only dierence between BC-8 and 3B4 cells is the presence of wild type p53 gene in 3B4 cells. p53 gene in BC-8 cells is mutated with a deletion and an addition of one nucleotide each. Deletion has resulted in the generation of a premature termination codon ( Figure 4) . As a result the C-terminal of p53 protein in BC-8 cells is altered from amino acid 315 to 341 and the last 50 amino acids are missing when compared to wild type p53. Sequence analysis of p53 gene from BC-8 cells revealed the presence of two alleles with a single nucleotide polymorphism and two pseudogenes for p53. In all other aspects BC-8 and 3B4 cells appear similar with reference to cell morphology, doubling time and the general protein synthetic pattern. Though wild-type p53 transfected 3B4 cells are protected from heat induced apoptosis, there is neither HSF-HSE interaction nor heat induced hsp synthesis in these cells (Figure 3) as reported earlier for BC-8 cells (Sreedhar et al., 2000) . Lack of functional p53 in BC-8 cells seems to activate the CD95 expression upon heat shock leading to activation of the apoptotic pathway. Incubation of 3B4 cells with antisense p53 oligo not only lead to speci®c and signi®cant decrease in p53 protein but also resulted in apoptotic cell death upon heat shock (Figure 2c ). The residual survival of BC-8 or 3B4 cells in the presence of antisense oligos may probably be due to the dierences in cellular uptake of these molecules. Fragmentation of nuclear DNA in 3B4 cells incubated with antisense p53 (Figure 2d ) further con®rmed heat induced apoptosis. BC-8 cells preincubated with antisense p53 oligos are slightly protected from heat induced apoptosis. This could probably be due to the inhibition of synthesis of altered p53 which binds to hsp 70 and is present at basal amounts and thus, making hsp 70 available for cytoprotection. We have earlier reported that BC-8 cells transfected with hsp 70 gene under the control of a constitutive CMV promoter synthesized more of hsp 70 than BC-8 cells and are transiently protected from heat induced apoptosis (Sreedhar et al., 2000) . These results suggest a correlation between the concentration of hsp 70 and the extent of cell protection from apoptosis upon heat shock. In view of these results, partial protection of BC-8 cells in the presence of antisense p53 oligos is not unreasonable.
Over expression of p53 protein was shown to result in Fas mediated apoptosis (Kim et al., 1999) probably by binding to CD95 promoter and inducing its expression (Muller et al., 1998; Munsch et al., 2000) . Contrary to these observations, we see lack of CD95 expression upon heat shock in wild type p53 transfected 3B4 cells. This may probably be due to constitutive low level of p53 expression in 3B4 cells or due to a dierence in the mechanism of CD95 activation upon heat shock. Prior incubation of BC-8 cells with antisense CD95 oligo inhibited CD95 expression and protected fully these cells from heat induced apoptosis suggesting the role of CD95 receptor-ligand interaction in the induction of apoptosis in BC-8 cells upon heat shock. Wild type p53 modulates the activities of cdk 2 and cdc 2 in a cell cycle dependent manner. It also plays a critical role in the induction of G1 cell cycle arrest and apoptosis after DNA damage. In addition, non-cell cycle dependent upregulation of cdk2 and its functioning as a signal transducer during apoptosis has been reported (Gil-Gomez et al., 1998) . Also Furukawa et al. (1996) reported that aberrant activation of cdk 2 is associated with CD95-induced apoptosis in HL-60 cells. Activation of cyclin dependent kinases during CD95-mediated apoptosis in Jurkat cells has also been reported (Zhou et al., 1998b) . In view of these observations, activation of cdk 2 in BC-8 cells that undergo apoptosis upon heat shock suggests a similar function for cdk 2 during apoptotic signal transduction. Such an increase in cdk 2 activity is not seen in 3B4 cells, which do not undergo apoptosis.
Activation of cdc 2 , which in normal cells increases during G2 phase of cell cycle could not be detected in BC-8 cells following heat shock. This may probably be due to cells not being in the cycling phase. At the same time, there is an increase in cdc2 activity in 3B4 cells following heat shock. These results suggest that in 3B4 cells wild type p53 either directly or indirectly is able to inhibit CD95 expression and repair the damage caused by heat shock and protect them from heat induced apoptosis. However, the mechanism by which wild type p53 protects 3B4 cells and the molecules with which it interacts for cellular protection needs further investigation.
Materials and methods
Cell culture and heat shock conditions
Rat histiocytic tumor AK-5, maintained as ascites was adapted to grow in culture in Dulbecco's modi®ed Eagle's medium (DMEM) with 10% fetal calf serum in the presence of Penicillin (100 U/ml) and Streptomycin (50 mg/ml). A single cell clone of AK-5 named BC-8 was used in the present study (Khar and Ali, 1990) . Exponentially growing cells (1610 6 /ml) were given heat shock at 428C for 30 min, subsequently they were allowed to recover for dierent time intervals prior to analysis. Clone 3B4 is a stable transformant of BC-8 into which the wild type p53 gene is introduced (Pardhasaradhi and Khar, 1996) .
PCR amplification and sequencing of p53 gene
Total RNA isolated from BC-8 cells was reverse transcribed and PCR ampli®ed with three dierent sets of primers to amplify regions corresponding to nt 24 ± 448, 430 ± 853 and 827 ± 1199. Full length gene as well as the short regions were sequenced, and were ligated to give the full length gene aligned with the full length wild type rat p53 gene sequence; Accession No. X13058.
Propidium iodide staining and flow cytometry
Control and heat shocked BC-8 and 3B4 cells were ®xed in 70% alcohol after dierent time intervals of recovery at 378C, stained with propidium iodide reagent (50 mg/ml) in 0.1% sodium citrate containing 0.1% Triton X-100 and analysed by FACS (Robinson et al., 1988) . For the analysis of surface expression of CD95, cells were blocked with 1% gelatin (room temperature for 1 h) and incubated with rabbit polyclonal mouse anti-Fas antibody (0.5 mg/ml) (Santa Cruz/Calbiochem) in the presence of 0.5% gelatin in PBS for 1 h. Cells were washed and incubated with FITC conjugated second antibody (1 : 200, 30 min) and analysed by FACS.
Antisense CD95 and p53 oligo treatments
Antisense p53 (5'-tac ctc cta agt gtc atc cta tac tcg tag ctc-3') was synthesized for coding region of the mouse P53 gene from nucleotides 23 to 56 (Soussi et al., 1988) and antisense Activation of cdc 2 in BC-8 and 3B4 cells. Same as 5a, but probed with cdc 2 antibody. Lanes 1 ± 3: BC-8; 4 ± 6: 3B4 cells; 1 and 4, control; 2 and 5, after 1 h of recovery at 378C after heat shock 3 and 6, after 2 h of recovery at 378C after heat shock CD95 (5'-tac gac ccg tag acc tgg gag gat gga gac caa gaa-3') was synthesized for coding region from the nucleotides 1 to 36 of the mouse CD95 gene (Murayama et al., 2000) . Cells were preincubated with antisense oligos at 5 mg per 5610 5 cells for 16 h and subjected to heat shock. Cell viability and induction of apoptosis were monitored at 378C following heat shock.
DNA extraction and electrophoresis
Cells were ®xed in 70% ethanol at dierent time intervals after heat shock, washed with PBS and suspended in citratephosphate buer. Fragmented DNA was extracted following the procedure described earlier (Gong et al., 1994) . The extracted DNA was electrophoresed on a 0.86% agarose gel at 2 V/cm for 16 h, stained with 5 mg/ml ethidium bromide and visualized under UV light.
Western blotting
Cells were washed thoroughly with PBS and cell lysates were made by boiling 5610 5 cells with 200 ml of electrophoresis sample buer and were run on 10% SDS-PAGE, transferred on to a nitrocellulose membrane, and used for immunoblotting with anti-hsp70 antibody (Stressgen, Canada), anti-CD95 antibody (Calbiochem), anti p53 (Boehringer Mannheim), antiphospho-cdk2 and antiphospho-cdc2 mouse monoclonal antibodies (Santa Cruz) (which recognize activated form of cdk 2 and cdc 2 ) and the speci®c bands were visualized using horseradish peroxidase-conjugated second antibody as described earlier (Towbin et al., 1979) .
Gel mobility shift assay
Cell extracts prepared from control and heat shocked BC-8, 3B4 and rat hepatoma, H411-E-C3 cells were incubated with labeled oligonucleotides containing a canonical heat shock element (5'-nGAAn-3' repeats synthesized in house) as described earlier (Swamynathan et al., 1996) . Binding of HSF to HSE can be seen in the autoradiogram as a change in the mobility of the labeled oligo in the gel.
